Since the discovery of L-thyroxine, the main secretory product of the thyroid gland, and its major metabolite T3, which exerts the majority of thyroid hormone action via ligand-dependent modulation of the function of T3 receptors in nuclei, mitochondria, and other subcellular compartments, various other T4-derived endogenous metabolites have been identified in blood and tissues of humans, animals, and early protochordates. This review addresses major historical milestones and experimental findings resulting in the discovery of the key enzymes of thyroid hormone metabolism, the three selenoprotein deiodinases, as well as the decarboxylases and amine oxidases involved in formation and degradation of recently identified endogenous thyroid hormone metabolites, i.e. 3-iodothyronamine and 3-thyroacetic acid. The concerted action of deiodinases 2 and 3 in regulation of local T3 availability is discussed. Special attention is given to the role of the thyromimetic "hot" metabolite 3,5-T2 and the "cool" 3-iodothyronamine, especially after administration of pharmacological doses of these endogenous thyroid hormone metabolites in various animal experimental models. In addition, available information on the biological roles of the two major acetic acid derivatives of thyroid hormones, i.e. Tetrac and Triac, as well as sulfated metabolites of thyroid hormones is reviewed. This review addresses the consequences of the existence of this broad spectrum of endogenous thyroid hormone metabolites, the "thyronome," beyond the classical thyroid hormone profile comprising T4, T3, and rT3 for appropriate analytical coverage and clinical diagnostics using mass spectrometry versus immunoassays for determination of total and free concentrations of thyroid hormone metabolites in blood and tissues. Dedicated to R. Dieter Hesch on occasion of his 80th Birthday in February 2019. As one of my scientific mentors he pertinently inspired me early during my career by addressing the scientific topic of this review. The challenge remains to decode the molecular events involved in local and cellular action of this exceptional class of hormone metabolites which leverage an essential trace element to mediate their unique biological function for central processes of life from metazoan organisms to humans.
Introduction
Thyroid extracts from sheep and larger animals have been successfully administered to relieve symptoms of hypothyroid myxedematous patients in the late 1890s. Observations made by mindful physicians experiencing with this novel therapeutic regimen clearly indicated increases in body temperature, pulse rate, and respiration as well as efficient reduction of myxedema and adipose tissue in treated patients [1] . Magnus-Levy, who fed thyroid extracts to a hypothyroid myxedematous patient in Frankfurt, Germany, provided first quantitative evaluation of this treatment observing increased oxygen consumption and CO 2 production and increasing respiratory rate, a parameter, which over the following decades guided treating physicians to avoid thyroid hormone (TH) intoxication, tachycardia, and excessive body temperature [2] . 1 L-thyroxine (L-T4) is among the top 10 medically prescribed drugs worldwide, or ranking top in wealthy societies with affordable health systems. L-T4 is one of the safest and best-studied drugs currently available for treatment of hypothyroidism. Its wide and continuous use is not related to the need of effective and life-long treatment of congenital hypothyroidism, which is detected by worldwide screening of newborns in approximately 1 case per 2,500-3,000 live births. The major cause of L-T4 prescription is due to the development and subsequent medical treatment of autoimmune thyroiditis slowly but irreversibly impairing thyroid function and destroying the thyroid gland for still unknown reasons and by unclear pathogenic mechanisms. Thus, it comes as no surprise that among millions of mainly female patients treated for autoimmune thyroiditis during their reproductive age and later on a significant fraction of patients treated for hypothyroid symptoms (5-15%) report to be discontent with their L-T4 treatment prescribed by their physicians and search for alternative preparations [5, 6] . Most benign but also malignant thyroid diseases have a strong gender bias, affecting females more than men. While physicians are convinced that thyroid function tests of these patients and effects of T4 treatment are as expected, some patients still are not satisfied and report various complaints such as increases in body weight, appetite and food intake, as well as various presumably TH-related side effects including mood or behavioral changes. Considering the natural history of slowly developing autoimmune thyroiditis initially leading to mild and with time to more pronounced hypothyroidism, sometimes spanning over months and years without being diagnosed, both the physician and patient rarely have relevant information on thyroid status and thyroid function test before subclinical or manifest hypothyroidism develops. Thus, comparison and objective interpretation of successful L-T4 treatment remains quite difficult. Therefore, over the last years, the thyroid community discusses and experiments in more or less meaningful observational, interventional, prospective or retrospective, but rarely double-blind clinical studies whether such discontentment of patients (and sometimes physicians) with L-T4 monotherapy might be avoided, at least in a susceptible subgroup of patients by administration of more than L-T4 only, i.e. at least a combination of the "prohormone" together with a fraction of the truly thyromimetic L-T3 [5, 6] . T3 has been discovered in the 1950s [7, 8] and subsequently identified as the most relevant in vivo ligand for the two types of T3 receptors, i.e. TRα and TRβ, which mediate the majority of TH actions at the molecular, cellular, tissue as well as whole body level in humans and animals, taking advantage of their activation by the powerful iodinated TH T3 [9] .
Online supplement 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000497141) gives a short summary of major achievements accomplished during the long history between discovery of the trace element iodine [10] , its key role as major chemical constituent of TH T4 and 3,3′,5-L-triiodothyronine (T3) [11] [12] [13] , the first characterization and clinical application of various animal-derived thyroid extracts, the establishment of reliable bioassays quantifying their action on oxygen consumption [14] , basal metabolic rate, thermogenesis in experimental animals including tadpole metamorphosis [15] , and culminating in the identification of receptors for T3, the major thyromimetic hormone [16] [17] [18] [19] [20] [21] .
This review discusses the biological function of endogenous metabolites, i.e. the "thyronome," which are enzymatically generated from the parent TH T4. A focus is given to the thyromimetically active compounds 3,5-T2, Tetrac and Triac, as well as to the "cool" 3-T1-amine. 1 Amazingly, more than 125 years later, ill-defined animal thyroid extracts are still popular among patients [3, 4] , and some careless physicians recommending potentially contaminated prion-containing "natural animal extracts" as "mother nature's healthy gifts" to their hypothyroid patients in the 21st century, avoid or dissuade from the well-established, highly safe, validated, quality-controlled, pure, reproducible, and active TH L-T4 as a classical effective pharmaceutical. Alternatively, iodine-deficient salts, plant-derived inefficient antithyroid extracts, and other obscure preparations with respect to their composition, quality, and safety, find their customers and profiteers via the internet and OTC distribution and propagation, frequently without any medical prescription by trained experts. From the beginning of the discovery of TH, also various metabolites of iodothyronines conjugated with sulfate or glucuronic acid at the 4′OH position as well as oxidized or metabolized at their alanine amino acid side chain were reported, such as acetic acid and amine derivatives of TH with various iodination grades ranging from 0 to 4 [22] . Inconsistent data were reported with respect to their potency, mechanism, and mode of action, their occurrence in vivo and their physiological or pathophysiological relevance, not to mention here potential pharmacological administration. Consistently however, from the 1990s, biological actions and endogenous occurrence were also reported for 3,5-T2 [23] , which, at lower concentrations appears to target mitochondria and to exert rapid and direct actions distinct from those of the classical T3 receptor binding ligand [24] . However, at higher concentrations, 3,5-T2 has been reported to suppress TSH and the HPT axis, to cause adverse cardiac effects similar to hyperthyroid conditions, and to regulate expression of T3-responsive target genes similar to T3 [25] [26] [27] .
In 2004, a major discovery was made with the first identification of 3-iodothyronamine (3-T1AM) as a pharmacological agent with remarkable biological properties [28] . This iodine-poor biogenic amine synthesized, by ornithine decarboxylase (ODC) [29] and possibly other amino acid-metabolizing enzymes, reversibly reduced body temperature by 8 ° C in various animal models, exhibited negative inotropic and chronotropic effects on the heart, and if administered in close time relation, also prevented experimentally induced myocardial and brain infarct lesions [30] . However, quite high pharmacological doses were needed to exert these effects, which are currently under investigation. More than 100 years after the detection of the hormonal principle in the thyroid gland as iodinated amino acid derivatives [11, 31] , successful attempts have been made to generate thyroids in a dish from embryonic stem cells and human-induced progenitor stem cells [32] [33] [34] [35] , which, as proof of principle, in a mouse model could restore TH in athyreotic hypothyroid mice. Thus, it appears realistic to expect treatment of hypothyroid diseases and congenital hypothyroidism by transplanting in vitro propagated thyroid follicles to hypothyroid patients during the next decade(s).
TH Deiodination and Related T4 Metabolites
The discovery of T3 as the main thyromimetically active hormone and its formation from its substituted precursor T4 in thyroidectomized patients opened the race for discovery and characterization of the enzymes catalyzing this and possibly related reactions generating a cascade of lower iodinated T4 metabolites with three, two, one, or none iodine left in the 5′,3′-and/or 5,3-position of the iodothyronine back bone (see Fig. 1a ). Figure  1 provides an overview of further T4 metabolites handled by deiodination reactions, such as reverse-T3 (3,3′,5′-triiodo-L-thyronine, rT3), the two structural isomers 3,5-diiodo-L-thyronine (3,5-T2) and 3,3′-diiodo-Lthyronine (3,3′-T2), an 3-iodo-L-thyronine (3-T1). Deiodinases also accept the deaminated TH metabolites (THM) 3,3′,5,5′-tetraiodothyroacetic acid (Tetrac) and 3,3′,5-triiodothyroacetic acid (Triac) as well as the decarboxylated 3-T1AM as substrates [22, 30] (Fig. 1b ; see details below). Apart from initial analyses using 131-iodine or 125-iodine radioactively labeled precursors and substrates, and paper-or liquid chromatography, the development of highly specific immunoassays for various THM created a wave of discoveries, not only of endogenous THM but also three different iodothyronine deiodinases (DIO1, -2, -3), the unrelated dehalogenase (DE-HAL1) removing iodide from diiodotyrosine (DIT) and monoiodotyrosine (MIT), as well as several enzymes transferring activated sulfate residues to the 4′-hydroxygroup of iodothyronines in addition to UDP-glucuronosyltransferases transferring activated glucuronic acid to the 4′-hydroxy group [22] . Beyond the last two modification reactions, which are also related to and interfering with the metabolism of endogenous steroid hormones as well as exogenous drugs or xenobiotics, also TH metabolism at the side chain of iodothyronines was discovered, albeit enzymes involved in these reactions are still elusive, except of the recently identified ODC catalyzed formation of thyronamines from iodothyronine precursors [29] . Enzymes catalyzing oxidative decarboxylation/deamination to generate acetic acid derivatives such as Tetrac and Triac are not characterized in detail with respect to their cellular activity or specificity handling iodothyronine substrates. Whether propionic acid derivatives are endogenous THM generated by reductive deamination is not clear at this point [36] . While DIT and MIT are essential precursors generated during the thyroperoxidase-catalyzed TH biosynthesis on the synthesis and storage protein thyroglobulin produced and secreted into the colloid lumen by thyrocytes [37] , at least DIT and possibly also MIT are also formed during oxidative degradation of TH in activated macrophages or leukocytes generating significant transient increases in DIT serum concentrations as analyzed by radioimmunoassays, for example in sepsis, severe inflammation, and re- Fig. S1 ). Formation of DIT (and possibly MIT) contributes to a rapid decrease in circulating TH under conditions of nonthyroidal illness [38, 39] .
The biochemical, molecular, and functional characterization of the enzymes catalyzing deiodination of TH and THM, initially based on immunoassay methods [40-43], posed a major still ongoing challenge. These membraneintegral enzymes cleaving the carbon-iodine bond are selenocysteine-containing proteins with a thioredoxin fold as structural motive, while their endogenous cofactor(s), in vivo regeneration, reaction mechanism, developmentand cell-specific expression as well as individual regulation by (patho)physiological conditions and contribution to local and systemic T3 supply is still controversial (see online Supplement 2) [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Albeit significant effort has been made to biochemically characterize various monodeiodinase sequential reactions, the formal proof of formation of the thyromimetically active THM 3,5-T2 from its putative precursor T3 (Fig. 1a) in vitro has not been successful, while in vivo animal experimental and human data suggest that T3 might be the endogenous 3,5-T2 precursor [54] [55] [56] [57] . This is of high interest because T4, T3, and 3,5-T2, to different extent, have been dubbed as "hot" TH [22, 25] (see online suppl. Fig. S2a ), able to stimulate oxygen consumption, thermogenesis, intermediary metabolism, and various steps of lipid, carbohydrate and structural metabolism. In contrast, the reported action of 3-T1AM and its deiodination product T0AM (which is also found in vivo), at least at high pharmacological acute and chronic administration of these THM, decreases body temperature, oxygen consumption, and induces a shift from carbohydrate to lipid oxidation (the "cool" TH) (online suppl. Fig. S2b ). While biological functions have been assigned to 3,5-T2, the role of rT3, a major T4 metabolite generated by reductive deiodination at the tyrosyl ring of T4, either catalyzed by deiodinase 3 or deiodinase 1, is currently unclear [58] . Production, degradation, and serum concentration of the very short-lived rT3 are tightly controlled. Increases in rT3 serum concentrations have been found under various pathophysiological conditions [59, 60] (online Supplement 3). Tissue rT3 has recently been visualized in metamorphosing tadpoles (online suppl. Fig. S3 ), but its biological actions [61] [62] [63] [64] [65] [66] [67] , if any at all, e.g. as T3-antagonist, remain as controversial 2 as observations made for low-molecular-weight metabolites of other hormones interacting with nuclear receptors (e.g., seco-steroids, retinoids, or fatty acid-derived hormones) [22, [68] [69] [70] [71] .
rT3 represents one of the most enigmatic endogenous THM, already detected early after T3 as minor constituent in thyroglobulin [74, 75] , but as an abundant T4 metabolite in human blood after development of chromatographic and immunoassay methods. rT3 concentrations in blood are equimolar or sometimes even higher than those of the active hormone T3 (Table 1) Type 3 deiodinase (Dio3) is the key enzyme in rT3 production, and current hypotheses support the fact that rT3 production via Dio3 prevents tissues and cells rT3 attracts high attention in the paramedic community of self-medication and body building, who inappropriately administer and distribute rT3 as a "hormonally active compound." Unfortunately, others interpret high or elevated concentrations of rT3 as sign of unwanted so-called "anti-thyroid" condition, and unsubstantiated advice of self-declared experts suggests intervention with active thyroid hormones or other measures. from inadequate exposure to the prohormone T4, which otherwise would possibly undergo 5′-deiodination to yield thyromimetically active T3 [85, 95, 96] . Regulation, upregulation, and increased activity of Dio3 turned out to be a major theme of developmental regulation of TH action as prevention of T3 production from T4 apparently favors cell proliferation and prevents cell differentiation induced by T3 formation and action. Such processes of enhanced expression of Dio3 either during development or neo-expression of Dio3 in pathophysiology identified this gene as a putative oncofetal gene, highly relevant in local regulation of proliferation of various cell types. High Dio3 concentrations were found in many tissues during early development including the brain, typically associated with high Dio3 activity supporting the concept of Dio3 function as an enzyme favoring proliferation. Compatible with that hypothesis is the observation that Dio3 is expressed in human-induced pluripotent stem cell-derived cardiomyocytes [97] . Currently, development of inhibitors of DIO3 is in progress, which might be of high value in the prevention of proliferation of tumor cells, which de novo express DIO3 and form rT3 [98] . Proof of principle of this concept has been provided by in vitro studies as well as animal experimental models, demonstrating that expression of Dio3 in various tumor models enhances proliferation while downregulation of Dio3 prevents proliferation and tumor growth [63, 64, 85, 96, [99] [100] [101] [102] . Of interest in this context is the mirror-inverted regulation of Dio2 and Dio3, influencing cell cycle and survival of carcinoma cells as illustrated for basal cell carcinoma, colorectal cancer cells, and other tumor cells [64] . These observations raised the question on the regulation of Dio3 expression and thus production of rT3. One of the major factors involved might be hypoxia and the hypoxia-induced transcription factor HIF1α known to induce Dio3 expression apart from various growth factors and other signalling molecules [103] . This is also of clinical interest in the context of the syndrome of consumptive hypothyroidism, where overexpression of DIO3 in juvenile hemangioma leads to high DIO3 activity, which exceeds the production of T4 by the thyroid gland even if T4 is substituted. The activity of hemangioma DIO3 is sufficient to remove and inactivate all T4, leading to clinical hypothyroidism. So far, only removal of the tumor and thus DIO3 is an efficient treatment choice [104] . Alternatively, tissue transplantation might be an option. Also, for this condition, potent and selective DIO3 inhibitors would be valuable drugs.
Deaminated Acetic Acid Derivatives (Tetrac and Triac) Are Endogenous Biologically Active TH Metabolites
Soon after the discovery of the classical TH T4 and T3 as iodinated amino acid derivatives, formation of deaminated propionic, acetic acid, and formic acid derivatives has been demonstrated using chromatographic methods and radioiodine-labelled TH precursors as substrates [105] [106] [107] . This resulted in the detection of endogenous Tetrac and Triac as biologically active compounds (e.g., in goiter prevention assays), formation of these metabolites and their intermediates in various tissues (e.g., thyroid, liver, kidney, etc.) or their extracts and in subcellular fractions such as mitochondria and cytosols [7, 8, 36 3,5-T2, a Neglected but Thyromimetically Active THM 3,5-T2 has been known and studied for a long time by researchers but has mainly been neglected by the community of clinically oriented thyroidologists. 3,5-T2 circulates in human serum, and during the 1980s, several immunoassays have been developed and applied to determine 3,5-T2 concentration in serum of healthy individuals and in various states of TH pathophysiology [76] . The concentration ranges reported then are surprisingly wide compared to that of the classical TH T4, T3, and rT3. Depending on the method, low to high nanomolar 3,5-T2 serum concentrations have been reported (for summary, see [78] ). Main methodological issues in this context are high cross-reactivities of 3,5-T2 with several T3 antibodies used and, vice versa, T3 cross-reactivities in the 3,5-T2 immunoassays, as well as the difficulty in generating sufficiently pure tyrosyl ring radioactively labelled tracers for the radio-immunoassays applied then. Here, the main technical challenge is the avoidance of additional unwanted labelling of the phenolic-ring once two iodine atoms have been introduced into the 3-and 5-position of the tyrosyl ring. Recently, an immunoassay based on monoclonal antibodies has been developed and applied [78] , and concentrations reported are quite low in the range of 0.15-0.7 nmol/L, with a remarkably wider concentration range than known for the classical TH. Furthermore, commercially available 3,5-T2 preparations are notoriously contaminated with traces of T3 (up to 2%), making it difficult to assess the biological activity of 3,5-T2 without interference by T3 contaminant activity.
While no reliable biological activities have been reported for the two other T2-isomers, 3,3′-T2 and 3′5′-T2, 3,5-T2 has been demonstrated to bind to T3 receptors [139] with quite high affinity and activity, and in vivo its administration led to suppression of TSH and altered expression of classical T3-regulated genes in liver and other tissues of animal experimental models [25, 26, 139, 140] . 3,5-T2 action on thyrotrope cell function has been demonstrated in various pituitary experimental models ex vivo, in situ, and also in pituitary cell lines, and relevant thyromimetic activity was observed focusing mainly on TSH suppression but also GH stimulation [27] . Interest of the TH research community in 3,5-T2 increased after the demonstration that 3,5-T2 exerts immediate, rapid action, probably mediated by activation of mitochondrial function but not by classical T3-like modulation of nuclear T3 receptor function (for reviews see [24, 54, 55, 57] ). 3,5-T2 effects were shown to be independent of transcription and translation and thus interpreted as bona fide direct activities on intracellular compartments so far not in the focus of classical TH research. Current status and previous work have been extensively reviewed recently by researchers of the teams around Goglia, Lanni, and Moreno (see recent review [141] ). Remarkable effects of 3,5-T2 in animal models have been shown with respect to rapid stimulation of oxygen consumption, antisteatotic effects 3 Triac (Tiratricol) is widely used as weight-reducing, slimming drug without medical prescription, and easy to obtain OTC or via internet distribution [137] . In such cases, overdosing and chronic abuse might lead to severe thyromimetic side effects beyond intended reduction of body weight and body fat mobilization. Typically, Triac highly interacts in most currently used T3 immunoassays. Therefore, obscure laboratory findings in clinical medicine of thyroid patients and other individuals concerned about their "well-being" need to be questioned and monitored appropriately. MS clearly distinguishes between T3 and Triac in serum. Whether Triac administration or abuse impacts on traditional hepatic readouts of thyroid hormone action is controversial.
DOI: 10.1159/000497141 in the liver, decrease in serum lipids, increased glucose consumption by various tissues including muscle, modulation of beta cell function as well as several effects on skeletal muscle including sirtuin signaling (Fig. 2a) [141, 142] . In a pilot volunteer study, two of the researchers administered themselves dose-escalating 3,5-T2 and observed weight reduction without side effects [143] . These observations have, however, not been confirmed. In contrast, a clinical study using a synthetic 3,5-T2 mimic (TRC150094) [144, 145] in a clinical study could not confirm such beneficial effects for this 3,5-T2 analogue compound, which was effective in rodent models. Most of the studies on 3,5-T2 have been performed in rats, a few mouse experiments have also been published [25, 140, 146] . The majority of experimental models employed started out with hypothyroid rats to whom 3,5-T2 was given, in part compared to classical T3. Recently, several studies have been performed in rodent models of high-fat diet-induced obesity, both in a preventive and a treatment approach either by coadministration of high-fat diet with 3,5-T2 or treatment of obese animals with 3,5-T2, but not all outcomes confirmed the antisteatotic effects in rats or humans [144, 147] . Concentrations needed to exert wanted biological effects seem to be quite high. In vitro, typically concentrations in the low micromolar range were used, and observations were made that 3,5-T2 concentrations higher than 10 μM already lead to detrimental effects on cells or tissues studied. In vivo, 3,5-T2 doses between 10 and 100 µg/100 g body weight were used, and administration forms were quite different (subcutaneously, i.p., etc), and mainly single doses were dispensed, while only few studies used chronic application up to 1 month [25, 26] . Apart from the beneficial, intended lipid-lowering and metabolism-enhancing effects, several studies in rats and mice observed that 3,5-T2 concentrations, which did not yet affect hepatic lipid status, al- reported on application of relatively high concentrations of 3,5-T2 in the low micromolar range to rat cardiomyoblasts (H9C2 cells), and they also used isolated rat heart preparations perfused with 3,5-T2, T3, or T4. Authors observed 3,5-T2 uptake by cardiomyoblasts and slightly increased glucose consumption similar to previous observations in skeletal muscle by Moreno et al. [152] . However, in contrast to classical T3 action, no major 3,5-T2 effects were observed on chronoor inotropic cardiac parameters. Cardiac tissue concentrations of 3,5-T2 are not yet established. Accorroni et al.
[153] did not find 3,5-T2 in heart tissue, but Moreno [56] observed low femtomolar 3,5-T2 concentrations in rat liver (1.5 fmol/100 g tissue). Jonas et al.
[25] analyzed 3,5-T2 concentrations in mouse liver before and after 3,5-T2 exposure and also reported femtomolar concentrations (limit of detection: around 5 nmol/g after administration of 0.25 µg/g body weight). In this setting, concentrations increased to 10-20 nmol/g, and after administration of 2.5 µg/g body weight to a range between 20-60 nmol/g. Strong evidence for direct action of 3,5-T2 after chronic treatment comes from observations that 3,5-T2 is effective in presence of deiodinase inhibitors PTU and iopanoic acid [55] , while T3 actions are blocked by inhibition of 3,5-T2 production. However, several doses were needed to exert 3,5-T2 effects under these conditions [154] . 3,5-T2 is not only active in peripheral rat tissues such as liver, heart, or the pituitary but may also downregulate TRH expression as demonstrated by Padron et al. [26] . Apart from effects on hepatic lipid status and energy metabolism, 3,5-T2 also alters muscle composition from slow-twitch to fast-twitch muscles, which are characterized by glycolytic phenotype and increased phosphofructokinase expression [152] . Various studies examined underlying mechanisms involved in these changes and concluded that AMP kinase activation together with mitochondrial effects and increased GLUT4 expression in skeletal muscle lead to these effects, some of which might, however, require altered gene expression beyond direct rapid effects [152] [153] [154] [155] . A comprehensive summary of 3,5-T2 effects in comparison to T3 and 3-T1AM is provided in Table 1 of the very recent review by Louzada and Carvalho [23] . While 3,5-T2 effects on endocrine pancreatic function remain ambiguous with respect to changes in blood insulin levels and insulin secretion, 3,5-T2 was also applied in an experimental model of diabetic nephropathy (streptozotocin-induced diabetes); however, concentrations used in this model were too high [156] and probably cannot be interpreted with respect to possible extrapolation on the clinically relevant conditions in humans.
Only limited data have been presented in the recent years on 3,5-T2 tissue concentrations. Pinna et al. [157] established and validated a method to determine T4 and T3 concentrations in rat brain using tissue homogenization in presence of Dio1 inhibitor PTU, solvent extraction, HPLC separation of various THM, and subsequent analysis of individual THM by specific radioimmunoassay in those extracts. They were the first to determine also concentrations of 3,5-T2, 3,3′-T2 and its sulfate 3,3′-T2-S in various brain regions and subfractions [157] . Several surprising results were observed. Apart from expected regional differences of THM in various rat brain regions including the hypothalamus and pituitary, the T4-to-T3 ratio was found as almost equimolar in contrast to circulating blood concentrations, where T4 exceeds T3 concentration by at least one magnitude. This indicates already that local control of T3 and THM production by DIO isoenzymes and cellular uptake/retention by THTT play a significant role in maintenance of steady-state levels and regulation of local (autonomic) T3 action. While T4 and T3 concentrations ranged between 1 and 6 pmol/g, those of rT3 and the T2 metabolites were 20-to 60-fold lower in the fmol/g concentration range, up to 50 fmol/g in the amygdala (half as high as liver), but pituitary content was below the limit of detection. 3,3′-T2 concentrations tended to be 2-to 3-fold higher as also observed in serum. Highest 3,3′-T2 concentrations were found in cerebellum (almost 200 fmol/g), while concentrations in the hypothalamus, pituitary, and liver were undetectable probably due to rapid export by LAT transporter [158, 159] . rT3 concentrations ranged around 50 fmol/g like in the liver with no major regional difference except 4-fold higher concentrations in septum. Surprisingly high and first time reported were 3,3-T2-S concentrations in brain regions (50-100 fmol/g), while the septum (200 fmol/g) and hypothalamus (ca 100 fmol/g) revealed higher concentrations, and both the pituitary and liver were negative. T3 sulfate was only detected in the hypothalamus (ca 70 fmol/g) and liver (150 fmol/g). The biological relevance of the THM and THM-sulfate concentrations remains open, but apparently the highly active local deiodinase activities (all three DIOs including DIO1 were measured) in the brain, hypothalamus, and pituitary generate a region-specific metabolite profile strongly influenced by local expression of various THTT. While 3,3-T2 and its sulfate may represent end products of TH metabolism undergoing elimination, the potential biological function of 3,5-T2 as "thyromimetic" agent and of T3-sulfate as a local reservoir of T3, which can be regenerated to active T3 by locally active sulfatases, remains to be studied in more detail. Pinna et al. [157] also presented detailed analysis of expression of Dio enzyme activities in these brain regions and observed clear and distinct region-specific circadian patterns of T4, T3 and 3,5-T2 concentrations in the midbrain, cerebellum, and liver. In other publications, these authors demonstrated that brain DIO activities and TH contents are influenced by various nutritional (patho)physiological conditions and pharmaceutical drugs [160] [161] [162] .
3,5-T2 Serum Concentrations
Application of the monoclonal antibody-based chemiluminescence immunoassay for 3,5-T2, which shows no relevant cross-reactivity with known naturally occurring TH metabolites in human serum, revealed serum concentrations in healthy individuals around 0.2 nM or higher. Surprisingly, no relevant, significant changes were observed in hyper-(n = 24) or hypothyroid (n = 31) patients with clearly altered T4 and T3 concentrations [78] . However, thyroid cancer patients (n = 100) after thyroidectomy and/or radioiodine treatment, substituted with T4 to euthyroidism, showed higher serum concentrations around 0.45 nM compared to healthy controls (n = 99). No differences were observed between males and females or depending on age. Authors assumed that patients on oral L-T4, lacking endogenous functional thyroid tissue, might generate higher 3,5-T2 concentrations during the absorption process of L-T4 in the gastrointestinal mucosa, similar to elevated 3-T1AM concentration found in the same patient group on oral L-T4 [81] . A similar study on n = 143 patients with thyroid cancer on T4 monotherapy revealed no correlation of 3,5-T2 concentrations (around 0.65 nM) with TSH, T4, or T3. T3 did not correlate with 3,5-T2 concentration, also no correlation to quality of life and 3,5-T2 concentration was observed [80] . Elevated 3,5-T2 concentrations were found in patients with nonthyroidal illness in cardiac context after postoperative atrial fibrillation. Here, 3,5-T2 serum concentrations directly correlated with reverse-T3 concentration in patients with nonthyroidal illness, and an inverse correlation was observed for preoperative fT3 [163] . Considering that endogenous pathway(s) of formation of 3,5-T2 are still unclear, the association between nonthyroidal illness and elevated 3,5-T2 might indicate enhanced degradation of T3 to 3,5-T2 or decreased 3,5-T2 degradation. The studies do not yet allow to distinguish between these two hypotheses. 3,5-T2 serum concentrations were also elevated in critically ill patients on intensive care compared to healthy volunteers, and especially in non-survivors, higher 3,5-T2 concentrations up to 10 nmol/L were observed [164] . Apparently, elevated 3,5-T2 observed in few individuals of an otherwise healthy, epidemiological anonymized study population may indicate underlying yet unknown disease(s) [79] . The reference range of this healthy population located in Pomerania (761 euthyroid participants) covered a median 3,5-T2 serum concentration of about 0.24 nM, and a significant portion (up to 1/3) of this population had 3,5-T2 concentrations at or below the limit of detection of the assay [79] . In this study, associations between 3,5-T2 were found with TSH and leptin as well as fasting serum glucose but not TH status. More detailed analyses of 3,5-T2 concentrations in serum together with urine metabolites of healthy individuals of the SHIP-TREND study [165] revealed surprising 3,5-T2 associations with trigonelline, pyroglutamate, acetone, and hippurate concentrations. These urine metabolites represent a "signature of coffee users"; however, a mechanistic link between elevated 3,5-T2 concentrations and these metabolites has not yet been established. Probably, omics technologies applied to human blood and urine in combination with transcrip-Eur Thyroid J 2019;8:115-129 DOI: 10.1159/000497141 tomics and proteomics from animal experiments might unravel links between 3,5-T2 metabolism and other pathways relevant to THM homeostasis [165] [166] [167] . Further experimental and clinical studies are needed to shed more light on the biological activity of 3,5-T2 in energy homeostasis and metabolism.
Of major interest in this context are observations made in nonmammalian species, such as some fish species [168] . Two forms of TRβ T3 receptors have been identified in their genome. A long TRβ isoform with a 9-aminoacid insert at the beginning of the ligand-binding domain, and a shorter version without this insert. Interestingly, 3,5-T2 binds and activates the long TRβ isoforms, while T3 is selective for the short TRβ isoform activation. Metabolic and regulatory impact of these observations needs further studies, and so far, no such different TRβ isoforms have been identified in humans or mammals [168, 169] .
Pinna et al. [170] reported elevated 3,5-T2 serum concentration in sepsis patients (47 pmol/L), higher than under several other conditions of illness. They also analyzed tissue concentrations of 3,5-T2 and found in normal human brain tissues 70-150 fmol/g, which were by a factor of 20 lower than those observed for T3. They also compared 3,5-T2 concentrations in the brain, pituitary, and liver of rats. Some tissues had detectable 3,5-T2 concentrations in the range of 20-50 fmol/g, while the liver ranked at the highest concentrations with almost 100 fmol/g. Thus, in their rat study, 3,5-T2 concentrations were similar to those of reverse-T3 in most regions, while 3,3′-T2 concentrations were higher. All the analyses have been performed with immunoassays [157] . They even observed circadian variations with highest values around 60 fmol/g during the light phase around noon. Iannucci et al. [171] compared effects of 3,5-T2 and T3 in a rat highfat diet model using metabolomics analysis. They reported an induction of autophagy and anti-steatotic effects in the liver, but also observed that 3,5-T2, but not T3, would counteract impaired signalling via the AKT and MAPK/ ERK pathways disturbed by high-fat diet. They compared a 10-fold lower T3 dose to 25 µg/100 g body weight of 3,5-T2 injected i.p. Unfortunately, no control diet group was reported. Hormone application was performed for 1 week daily. In summary, several in vitro and in vivo observations in rodent and human context indicate a relevant (patho)physiological role for the THM 3,5-T2, which is distinct from actions and changes in tissue and serum concentrations of classical TH T4, T3, rT3 as well as serum TSH. However, further studies will be needed to unravel the relevance of these observations for THM action and clinical practice.
Particular Features and Pharmacological Actions of the Endogenous THM 3-T1AM
The 2004 discovery of transient hypothermia effects of 3-T1AM after injection of rodents by the group of Scanlan [28] raised a wave of studies addressing biosynthesis of this aminergic metabolite of TH, its concentrations in animal models and humans under various pathophysiological conditions and opened the search for mechanism of action and other effects of this peculiar aminergic THM. So far, the majority of studies has been conducted with application of pharmacologically rather high 3-T1AM doses, and recent observations with repeated administration or lower doses did not confirm all hypothermic or metabolic effects initially observed [172] [173] [174] . Thyronamine metabolites of TH were already observed early after discovery of thyroxine and T3 (for recent reviews see [22, 30, 175] ). However, these studies in rodents and other animal experiments did not yet lead to a clinical application or routine analysis of 3-T1AM serum concentrations. Analysis of autoradiographic images after application of radiolabeled T4, T3, and reverse-T3 raised the hypothesis that TH, similar to other amino acids, might be precursors of aminergic metabolites similar to catecholamines, serotonin, or dopamine [176] . Dratman [176] proposed aromatic amino acid decarboxylase (AADC) as potential enzyme generating thyronamines, based on her observations of accumulation of radioactivity in synaptic vesicles and nerve endings. Development of a monoclonal-based immunoassay for 3-T1AM allowed first immunological measurements of thyronamines in blood of humans and rodents detecting rather unexpectedly high 3-T1AM concentrations in the range of those of T3 or even higher [81] . The observation that 3-T1AM concentrations were higher in thyroidectomized thyroid cancer patients on T4 supplementation (similar to elevated 3,5-T2 concentrations, see above) compared to controls, raised the possibility that 3-T1AM might be formed during oral resorption of T4 or other THM. This hypothesis was tested using everted mouse intestinal sacs incubated with T4 and other TH, and indeed, 3,5-T2 and 3-T1AM formation could be detected after incubation with T4, using LC-MS analytics [29] . Furthermore, the hypothesis was tested whether aromatic AADC can form thyronamines in vitro. This was not the case using human recombinant AADC and TH as potential substrates, and also analysis of 3-T1AM concentrations in patients lacking AADC showed comparable 3-T1AM concentrations as in healthy individuals, excluding AADC as source of thyronamine production [177] . In contrast, another decarboxylase, ODC, efficiently gener- ated thyronamines including 3-T1AM from TH precursors, making this enzyme a likely candidate of biosynthesis of thyronamines [29] not excluding potential other decarboxylases involved in their production (Fig. 1b) .
Human serum concentrations of 3-T1AM are in the range of 10-70 nM as determined by chemiluminescence immune assay [81] . No major differences were observed between males and females, and no age-dependent changes have yet been identified. In human serum, 3-T1AM has a remarkably long half-life. Even 6 days after T4 withdrawal, no decrease in concentrations was observed, while T4 and T3 concentrations decreased as expected [81] . Authors explained this remarkable stability for a biogenic amine with its high-affinity binding to serum apolipoprotein B100, which has been identified as highly specific and high-affinity binding protein for 3-T1AM by the Scanlan group [178] . Serum 3-T1AM concentration concentrations did not decrease in nonthyroidal illness or postoperative atrial fibrillation [163] , while lower concentrations were observed in critically ill ICU patients compared to healthy individuals [164] . However, ICU survivors and non-survivors did not differ in their serum 3-T1AM concentrations.
A series of metabolic and energy metabolism effects was observed for 3-T1AM. Apart from transitory hypothermia, cardiac function was affected by bradycardia and decreased output, heart rate and contractility were reduced [28, [179] [180] [181] [182] [183] [184] . 3-T1AM application at these doses decreased metabolic rate, shifted metabolism from carbohydrate to lipids and was accompanied by elevated H 2 O 2 production [185] [186] [187] [188] . Again, sirtuin expression has been reported to be affected by pharmacological daily doses of 10 and 25 mg/kg 3-T1AM, and SIRT4-and SIRT6-dependent genes responded in the liver after 3-T1AM administration in subchronic protocols using female CD1 mice [188] . Analysis of 3-T1AM concentration in various tissues revealed its accumulation in a dosedependent manner in the liver, white adipose tissue, muscle, and heart [188] . Basal concentrations differed between these tissues, with heart and muscle leading in the range of 18-20 pmol/g, liver at 7.7 pmol/g, and white adipose tissue at a low 0.5 pmol/g. Remarkably, 3-T1AM concentrations affect insulin secretion and blood glucose in various models [181, 182, [189] [190] [191] . Reduced insulin secretion has been accompanied by hyperglycemia, but in another study no changes in blood glucose and glucose tolerance were observed [190] . These different outcomes might depend on different application forms and doses of 3-T1AM used as well as in vivo versus in vitro studies using isolated pancreatic islets [181, 189, 191] . 3-T1AM affects mitochondrial energy machinery already at nanomolar concentrations and via decreasing the cellular ATP/ADP ratio impairs glucose-stimulated insulin secretion in vitro using murine MIN6 pancreatic β-cells as model. The major 3-T1AM metabolite 3-T1 acetic acid (TA 1 ) can mimic part of these effects albeit with lower potency [191] . These experimental observations support previous in vivo effects of 3-T1AM achieved with pharmacological 3-T1AM concentrations [181, 182, 190, 192] , while lower doses did not result in the same outcome [172] .
The mechanisms involved in various 3-T1AM actions are still controversial and include several types of membrane receptors and intracellular targets (e.g., mitochondria) apart from the initially identified receptor trace amine-associated receptor TAAR1 (e.g., ADRA2A, TRPM8, TAAR5, TAAR8, etc.) (for recent reviews see [30, 175, 190, [193] [194] [195] [196] ). Besides activating TAAR1, also adrenergic receptor signaling has been documented as well as induction of biased signaling on serotonin 1b receptor [197] . Whether 3-T1AM has potential therapeutic applications in protecting from cardiac-or neuroischemia requires further studies [180, 184] . Recently, also central effects of 3-T1AM were observed, which led to vasodilation in tails of mice [173] as well as various behavioral and pharmacological effects in the brain, which require further analysis especially with respect to the question whether 3-T1AM or its rapidly formed metabolite TA 1 is the mediator of those actions (for recent detailed reviews see [198, 199] ). Glossmann and Lutz [200] recently even proposed that 3-T1AM might be formed by microbiota during gastrointestinal passage of TH. However, no experimental evidence or data were provided to support this assumption. Several reviews comprehensively and in detail summarized and discussed observations made on 3-T1AM, synthesis function, and pharmacological action [30, 153, 199] . Apart from its endocrine relevant actions, 3-T1AM is a powerful ligand and modulator of Transient Receptor Potential Melastatin 8 (TRPM8) [194, 201, 202] with higher potency exerted by this endogenous multitarget activating ligand 3-T1AM than that of established TRPM8 ligands such as icilin or menthol activating this "cold receptor." TRPM8 activation blunts function of the Ca-channel Transient Receptor Potential Vanilloid (TRPV1), which is activated by heat, capsaicin and expressed on many tumor cells and leading to activation and secretion of growth factors and cytokines [202, 203] . Thus, 3-T1AM might be a powerful agent to inhibit such adverse effects exerted by TRPV1. 
Open Issues in THM Research
Apart from the open questions on site(s) of production of TAM and enzymes involved in its biosynthesis apart from DIOs and ODC (see above) the exact reaction mechanisms of the three DIO isoenzymes is still not clear [46, 47, 51, [204] [205] [206] , 204] . Currently, the exact nature of the required endogenous reducing cofactor(s) of DIO reactions is elusive, and it remains to be studied in detail which of the THM so far identified in vivo or ex vivo are substrates of which THM metabolizing enzymes and in which cell type or tissues such reactions are prevailing. Sulfated THM have been described by many groups, but their exact metabolic fate, potential targets mediating their biological action, and the (patho)physiological relevance of altered THM sulfate concentrations in blood remains to be elucidated in more detail. 4′-OH sulfation of THM creates substrates selectively handled by DIO1 [207] [208] [209] [210] [211] [212] [213] , and especially T3 sulfate might represent a reservoir of active T3. TH sulfates undergo enterohepatic recycling, and a sulfated T2 metabolite ("compound W") [43, 94, 214-216] might represent a valuable biomarker for fetal thyroid function secreted across the placental membrane into the maternal circulation (for details see online Supplement 5).
Impact of Colorful TH Metabolite Diversity on Analytical Challenges in Clinical Practice and Research
Thyroid function tests currently focus on the determination of TSH by immunoassay-based methods as firstline biomarker. Depending on elevation or suppression of TSH, more detailed analyses are indicated, and measurement of TSH is repeated and complemented with determination of free T4 (fT4) serum concentrations, occasionally also fT3 is determined. In pediatric clinical praxis, preference is frequently given to determination of total T4 considering age-and development-dependent changes in reference ranges as well as distrust in readouts of serum free TH concentration in pediatric patients. Also, during pregnancy special attention has to be given to trimester-specific reference ranges for TH function tests, which are related to increased TBG production and secretion during pregnancy or associated with oral contraception [217] [218] [219] [220] . Figure 3 illustrates quantitative relationships between the prohormone T4 and the major THM discussed in this article. This picture intends to visualize the analytical problems generated by the vast excess of total T4 concentration in blood (58-161 nM), compared to total T3 (< 2.8 nM) and concentrations of total 3,5-T2 (0.5 nM) as well as total 3-T1AM determined by immunoassay (< 30 nM) (see also Table 1 ). Typically, these hormone concentrations are determined by immunoassay-based methodology illustrating that cross-reaction by T4 might create problems in determination of the concentrations of the other THM if antibodies are not highly specific. Apart from this major issue, the picture intends to illustrate the enormous challenge in reliability of exact determination of free TH concentrations. The magnifying glass already attempts to visualize fT4 concentrations 10-fold expanded compared to the pool of total T4 or 1,000-fold expanded for fT4 and fT3, depicting the reference values for fT4 (> 10 pM < 23 pM) in the serum of healthy individuals. Even more challenging is this issue in the case of fT3. The 1,000-fold magnification represents the concentration of fT3 (< 6.5 pM) in healthy individuals. This presentation is augural in that any interference of (patho)physiology, drugs, or blood components which alter either the huge pool of total T4 of free fraction of fT4 or fT3 poses a tremendous challenge on assay technology and precision in order to provide clinically relevant precise analytic information. The technical and methodological task is even more difficult for the minor THM such as 3,5-T2, 3-T1AM, or Tetrac, Triac and the TH-sulfates discussed above; for the latter group no specific antibodies are yet available. It must be remembered that either changes in TH distribution proteins (TBG, transthyretin, albumin, ApoB100) in the blood (more than 99.7% of TH is protein bound) or variations of concentrations of agents challenging THM binding to any of these blood proteins might markedly affect the readouts of assay systems.
Not only are the issues of total versus free THM of relevance but, as discussed above, blood concentrations of the THM do not in many cases reflect local tissue concentrations and thus only demonstrate integral tissue contribution of THM to blood compartments. Sensitivity of hormone determination is a well-known problem not only for THM but also for steroid, protein, and peptide as well as fatty acid-derived hormones because matrix components interfere with both immunological and more advanced MS-based methods of hormone analytics. The major advantage of immunoassay-based hormone analytics is the possibility to directly measure hormone concentration without any preanalytical sample workup, extraction of analyte of interest or dilution of plasma or serum typically used for hormone determination. Nevertheless, technical provisions necessary to adequately and precisely determine free hormone concentrations (ultrafiltration, equilibrium dialysis, etc.) already introduce changes in hormone binding protein interaction and might perturb binding equilibria based on mass action relationships [221] . Determination of fT4 and fT3 concentration (if required at all) has been met with criticism as the introduction of MS methods revealed in the case of fT4 a rather reasonable outcome, but in case of fT3 systematic errors became obvious for most of the immunoassay-based methods [218, 222, 223] . While fT4 determination might provide adequate readout in the ambulatory practice, in hospitalized stationary patients such determinations frequently yield problematic readouts due to interference of underlying disease, medical interventions, or medication. It has also been pointed out that free hormone analytics might provide reasonable precision in the reference range but not in those situations where either high or low free hormone concentrations are encountered. It is a frequent assumption that MS might represent the "gold standard" in hormone analytics as it can precisely determine both quantity and quality of the ligands by their molecular fragmentation patterns. However, it is slightly underestimated that also MS needs careful method establishment, validation, and quality control during application. The sensitivity of contemporary tandem MS is so high that this technology requires preanalytical sample workup either by liquid-liquid or solidphase extraction procedures which need to be adequately established to assure precision of determination, recovery of analytes of interest, and elimination of matrix effects. Many applications currently using MS analysis either for total or free THM unfortunately do not provide adequate information on the precision of preanalytical sample workup and subsequent quantification of analytes of interest by the mass spectrometer. Frequently, only quick methods with an inadequate sample or analyte separation by liquid (or gas) chromatography are applied, and unequivocal identification of analytes of interest does not take into account the existence of isobaric metabolites having the same mass but compound-specific molecular fragmentation pattern. The precise analysis, e.g. of T3 and rT3 or the three diiodothyronine isomers, requires precise determination of qualifier and quantifier molecular ions and their molecular fragmentation, similar to established MS-based analyses of vitamin D metabolite or several steroid hormone analytical procedures. One great advantage of current MS methodology is the application of the principle of isotope dilution and use of compoundspecific stable isotope-labelled internal standards, at least if these are available, which is not the case for all THM of interest. It is not adequate to just use one single isotopelabelled internal standard, e.g. T4, for all THM, which have different physicochemical, extraction, and ionization properties. Implementation of MS in human serum THM analytics still requires intensive method development and validation of assay procedures especially for the minor THM such as 3-T1AM, T2-isomers, or other metabolites. Several reviews recently addressed this issue and discussed the methodology applied for THM analytics in experimental animal models, cell culture research paradigms, and first experience in the application of the MS method for human serum or plasma 4 [224, 225] . MS also is applied to the quality control of content and composition of L-T4 medication [226, 227] . 4 Decent analysis and quantification of THM patterns and composition would urgently be needed also for animal THM extract administered to hypothyroid patients. 
Conclusions
Synthesis and metabolism of the classical TH, i.e. T4 mainly considered as "prohormone" and thyromimetically T3, has been studied in detail during the last decades. Development-, tissue-, and cell-specific expression of the three Dio enzymes, activating and inactivating T4 and T3, generates several other THM such as rT3, 3,5-T2, and, in combination with decarboxylases such as ODC, 3-T1AM and its amine oxidation product 3-TA1. These metabolites, identified in human serum and several tissues, exert various TH-like or in part antagonistic actions at least after application of pharmacological doses in animal experimental models. The thyroacetic acid derivatives Tetrac and Triac, also endogenous THM, are of clinical interest in the treatment of TH resistance and AHDS (in the case of Triac) or because they interfere with T4 and T3 rapid effects, mediated via the integrin ανβ5 plasma membrane receptor (in case of Tetrac). Triac binds and activates TR and has the ability to bypass MCT8 in cellular uptake, which is deficient in AHDS. Whether the thyromimetic "hot" actions of exogenous 3,5-T2 are also exerted by endogenous 3,5-T2 production and synthesis still has to be established. Similarly, the function of endogenously formed 3-T1AM and its oxidation product 3-TA 1 requires more detailed studies to confirm the variety of metabolic and neurological effects demonstrated after pharmacological administration of these compounds in animal experimental models. Analytics to determine the patterns and profiles of these THM and their precursors need more detailed development, validation, and application of MS-based methods. Apart from the knowledge on classical TH T4 and T3, the role of THM in fine tuning of physiological and pathophysiological conditions related to TH metabolism and action demands more careful consideration of their distinct and specific cellular actions in vivo. The routine analytics of THM in clinical practice still has to be boosted by more intensive interdisciplinary organized research. 
Supplement 3:
Is reverse-T3 a T4 metabolite with relevant function?
While biological functions have been assigned to 3,5-T2, the role of rT3, the T4 metabolite generated by reductive deiodination at the tyrosyl ring of T4, either catalyzed by deiodinase 3 or deiodinase 1 (Fig. 1a) , is currently unclear [58] . Peculiar to rT3 is its very short half-life probably due to its low binding to serum distributor proteins for thyroid hormones (such as thyroxine-binding globulin, transthyretin and albumin) as well as its high affinity for deiodinase 1 and 2, both removing the 5'-iodine atom and generating 3,3'-T2, which is more stable [48] . Remarkably, the production, function by various applications in animal experimental models but, due to its short half-life and rapid metabolism, extremely high concentrations had to be used to exert effects, for example, on the HPT axis in rodents [66] . Recently, distinct distribution and localization of the 'inactive' rT3 different from that of T4 and T3 was demonstrated in intestine and muscles of developing tadpoles using matrix-assisted laser desorption/ionization (MALDI)-mass spectrometry (MS) imaging technology
[67], supporting the concept of local production of this THM at sites protected from T4 and T3 action (Supplement Figure S3) . Potentially, accumulation and increased serum concentration of rT3 might be a self-protective mechanism of tissues and organisms including humans to save energy and resources, to decrease oxygen consumption, thermogenesis, and metabolic turnover, thus allowing proteins, if these were tested on day 15 in slices originating from these treated brain preparations.
The parallel in vitro treatment of slices used 1 nanomolar rT3 concentrations. This complex model is difficult to interpret, and authors propose that rT3 might also inhibit calcium influx in addition to several other actions. Farwell and colleagues [61] reported that rT3 similarly to T4 influences neuronal migration and guidance processes in the developing rat brain by mechanisms involving Dio2 and F-actin polymerization. In contrast, no such effects were observed for T3. Granule cell migration, neurite outgrowth and migration, according to their observations, involved laminin-S guidance structures. These effects were not mediated by classical T3 receptors, but rapid membrane associated processes initiated by T4 and rT3. Possibly, also integrin receptors might be involved. 
